Abstract NAC transcription factor (TF) family proteins are expressed in various developmental stages and following various stresses. NAC TFs are involved in mediating various physiological functions of plants and participate in various signaling pathways under biotic or abiotic stress. The present study provided a comprehensive functional analysis of members of the MtNAC TF family. Via screening of Medicago truncatula genome information, we identified 97 MtNAC TFs in M. truncatula and compared the phylogenetic analysis of 14 conserved groups with their Arabidopsis and rice counterparts. The NAC TFs were categorized into 14 groups based on their conserved motifs and gene structure. The predicted M. truncatula NAC genes were distributed among eight chromosomes, and in addition, we found that these genes showed mass gene duplication. Through expression profiling of RNA-seq data analysis, we determined that NAC family members were expressed significantly under different abiotic stresses. This indicates that the NAC TF shows different functions in M. truncatula. Together, this genome-wide analysis of the NAC gene family in M. truncatula, could be applied to improving stress tolerance in plants.
Introduction
Alfalfa is an important perennial forage legume species. It is a high-yielding perennial grass species that has high nutritional value and nitrogen fixation capacity. It is an important germplasm resource in the world. They make a contribution to modern society end economy construction (Samac et al. 2006; Sanderson et al. 2004; Yang et al. 2011) .
The NAC domain is a highly conserved amino acid motif in one of the largest groups of plant-specific transcription factors (TFs) . No apical meristem (NAM) was the first characterized NAC protein found in petunias, and Arabidopsis transcription activation factor (ATAF) and cup-shaped cotyledon (CUC) were found in Arabidopsis (Tran et al. 2004; Zhong et al. 2006) . Several NAC proteins have been identified in other plant species, including rice, wheat, and soybean (Hussey et al. 2015) .
The NAC TF family members have a highly conserved NAC domain about 150 amino acids, which include N-terminal ends containing five subdomains (A-E) and highly variable domain at C-terminal ends (Ernst et al. 2004) . At their C-terminal end, the basic region also contains a-helical transmembrane motifs (TMs) (Puranik et al. 2012) . The special structure is related to specific biotic functions, and the NAC TFs are involved in biotic and abiotic stress processes (Mao et al. 2012) . These genes influence plant growth, enhance the absorption of mineral elements, and improve crop nutrition and quality. The NAC TFs are involved in mediating a variety of physiological activities in plants, such as auxin conduction and Electronic supplementary material The online version of this article (doi:10.1007/s12298-017-0421-3) contains supplementary material, which is available to authorized users. cell apoptosis (Yoshii et al. 2010) . When plants are affected by biotic or abiotic stress, NAC TFs participate in various signaling pathways to cope with these adverse conditions (Pinheiro et al. 2009) .
Earlier studies have shown that NAC TFs play an important regulatory role in plants subjected to abiotic stress including salinity, drought, cold, or abscisic acid (ABA) (Olsen et al. 2005 ). For example, over accumulation of ANAC (019, 055, 072) in Arabidopsis lead to enhanced stress tolerance in transgenic plants (Bu et al. 2008) . The gene ANAC062 is involved in the cold stress signal regulation (Yang et al. 2014) . OsNAC5 is a senescence-associated ABA-dependent NAC TF. OsNAC045 and OsNAC063 can enhance drought and salt tolerance in rice (Xu et al. 2015) . The expression level of OsNAC19 is increased after Magnaporthe grisea infection to regulate the defense responses in rice (Nuruzzaman et al. 2015) . NAC proteins are involved in responses to viral infections during plant vegetative development. In soybean, GmNAC11 and GmNAC20 are involved in responses to low temperature, and overexpression of these two genes enhanced low temperature tolerance (Hao et al. 2011 ).
GmNAC1-6 are differentially expressed during seed development and other physiological processes in Medicago sativa. A novel M. sativa NAC transcription factor has been characterized during drought stress. In M. truncatula, the MtNAC969 is involved in root system architecture by several pathways.
With the rapid development of high-throughput sequencing technologies, several NAC members have been studied in model plants such as A. thaliana (117), Glycine max (152), O. sativa (151), and Vitis vinifera (74) (Le et al. 2011; Nuruzzaman et al. 2010; Ooka et al. 2003; Wang et al. 2013) . The theoretical basis for the present study was provided by the completed M. truncatula genome sequence and previous studies on NAC TFs.
NAC proteins are found in most plant species, but their research is poorly understood in M. truncatula. M. truncatula is an excellent model organism for leguminous plants due to small genome and high genetic transformation efficiency (Bell et al. 2001) . Legumes are the second most important family of crop plants after Poaceae and significantly contribute to agricultural production (Graham and Vance 2003) . For efficient agricultural production, it is necessary to enhance crop resistance to abiotic stress and therefore the study of NAC TF is prerequisite for improving stress tolerance in plants (Chen et al. 2015) .
In this study, we used bioinformatic approach to analyse the NAC family in M. truncatula. We have performed comprehensive study of gene structures, motif composition, chromosomal locations, gene duplication, sequence homologies, and expression patterns during different stresses. The transcriptome information was used to characterize the functions of these TFs during abiotic stress. The results of the present study will be helpful for future investigations to enhance the stress tolerance of plants.
Materials and methods

Identification of NAC gene information
The Hidden Markov Model (HMM) profiles of the NAM domain PF02365 were downloaded from the Pfam database (Punta et al. 2011) . HMM searched NAM (PF02365) domains from the M. truncatula protein database with values (e-value) cut-off at 1.0 (Johnson et al. 2010) . The integrity of the NAM domain was determined using the online program SMART (http://smart.embl-heidelberg.de/) with an e-value \ 0.1 (Letunic et al. 2012) . In addition, the three fields (length, molecular weight, and isoelectric point) of each NAC protein were predicted by the online ExPasy program (http://www.expasy.org/tools/) (Rueda et al. 2015) .
Phylogenetic analysis and motif prediction
To investigate the phylogenetic relationship of the NAC gene families in Arabidopsis, rice, and M. truncatula, NAC protein sequences were downloaded from phytozomes (http://www.phytozome.org) (Goodstein et al. 2012) . NAC TFs were aligned using the BioEdit program. A neighbor-joining (NJ) phylogenetic tree was constructed using the MEGA6 program (Tamura et al. 2011) . Bootstrapping was performed with 1000 replications. The online MEME analysis used to identify the unknown conserved motifs (http://meme.ebi.edu.au/meme/intro. html) using the following parameters: site distribution: zero or one occurrence (of a contributing motif site) per sequence, maximum number of motifs: 25, and optimum motif width C6 and B200 (Bailey et al. 2015) . Detailed information of M. truncatula NAC proteins can be found in Table A1 .
Gene structure and chromosomal localization
The whole-genomic sequence of M. truncatula and the summary of gene localization information were downloaded from the phytozome database (http://phytozome.jgi. doe.gov/medicago.php). The genomic sequence for each NAC gene was extracted from the whole-genomic sequence according to gene localization information using a programmed Perl script. A gene structure display server program (http://gsds.cbi.pku.edu.cn/index.php) was used to display the M. truncatula NAC gene structures (Guo et al. 2007) . Duplications between the NAC genes were identified and complemented using the PGDD database (http:// chibba.agtec.uga.edu/duplication/), and were identified as tandem duplications (TD). Ideograms were created using Circos (Krzywinski et al. 2009 ).
Transcriptome analysis of the NAC gene in different tissues and under five abiotic stress M. truncatula transcriptome data in different tissues during development were downloaded from the NCBISRA database (http://www.ncbi.nlm.nih.gov, Accession numbers SRX099057-SRX099062). The transcriptome data were derived from six tissues, including roots, nodules, blades, buds, seedpods, and flowers. M. truncatula transcriptome data under different abiotic stresses were downloaded from the NCBISRA database (http://www.ncbi.nlm.nih.gov, Accession numbers SRX1056987-92) (Li et al. 2009 ). The transcriptome data were derived under six stress factors, including cold, freezing, drought, salt, and high levels of ABA. We performed RNA-seq to detect the expression levels of NAC TF genes under different stresses, including cold, freezing, drought, salt and ABA. Clean reads from six samples were mapped to the M. truncatula genome sequencing using Samtool (Li et al. 2009 ). Tophat and Cufflinks were used to analyze RPKM (Trapnell et al. 2012) . The RPKM values for NAC genes were utilized for generating the heatmap and k-means clustering using R (software) (Gentleman et al. 2004 ).
Plant material and treatments
M. truncatula (Jemalong) A17 was used in this study. Seeds were planted in a soil and sand mixture (3:1), germinated, and irrigated with half-strength Hoagland solution once every 2 d. The seedlings were grown in the following environmental conditions: temperature of 18°C (night) and 24°C (day), and relative humidity of 60-80%. The seedlings that germinated after 8 weeks were subjected to the following environmental conditions: temperatures of 4 (cold) or -8°C (freezing), treated with 300 mM mannitol (drought) or 200 mM NaCl solution (salt), and the seedling leaves were sprayed with 100 lM ABA solution (ABA). Control and treated seedlings were harvested 3 h after treatment. All samples were frozen in liquid nitrogen and stored at -80°C until use.
RNA extraction and quantitative reverse transcription PCR (qRT-PCR)
The transcriptome sequencing analysis was validated and quantified by qRT-PCR. Primers were designed according to NAC cds with Primer Express 3.0 software (Untergasser et al. 2012) , the primer pairs are listed in Table A1 . Total RNA were extracted with an RNA prep pure Plant Kit (Tiangen, Beijing, China), and cDNA was synthesized from total RNA using a Rever Tra Ace (Toyobo, Shanghai, China), and qRT-PCR was performed in an ABI 7300 Real-time Detection System (Applied Biosystems, Foster City, CA, USA). The thermal profile for SYBR green RT-PCR consisted of initial denaturation at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, 55°C for 30 s, and 72°C for 30 s, and a final dissociation at 95°C for 15 s, followed by one cycle at 60°C for 20 s and one cycle at 95°C for 15 s. To confirm that a single PCR product was amplified and detected, a dissociation curve analysis of amplification products was performed at the end of each PCR reaction. After amplification, data were analyzed with ABI 7300 SDS software (Applied Biosystems, USA). The comparative CT method (2-44Ct method) was used to analyze the expression level of different genes. All of the samples were tested in triplicate, and the experiments were performed on three biological replicates.
Results
Genome-wide identification of NAC family genes in M. truncatula Searching for NAC genes in the M. truncatula genome, all proteins of the M. truncatula genome from phytozomes were annotated (Town, 2006) . Finally, 97 non-redundant and complete NAC-domain-containing protein sequences were selected for further analysis-the amino acid sequence length was between 54 and 672 (average length 341.3)-and named from MtNAC1 to MtNAC97 based on the coordinate order on M. truncatula chromosomes information, including protein properties in Table 1 (Committee, 1999) . To further understand NAC TF functions, these target genes were downloaded from database of M. truncatula.
Phylogenetic analysis and identification of additional motifs
To understand the evolutionary history among MtNAC genes, we constructed a phylogenetic tree for M. truncatula, A. thaliana (dicot), and O. sativa (monocot) (Zhu et al. 2012) . From the results, NAC proteins can be divided into 14 subfamilies, characterized by highly conserved motifs with the exception of the NAC domain motif A. The motif pattern was clustered in the same way as the subgroup pattern, and therefore the results demonstrated our phylogenetic clustering results were accurate. The MtNAC proteins were divided into o two groups (A and B). The tree was divided into six groups in Group A (A1-6). Group B possessed eight phylogenetic subgroups (B1-8) (Fig. 1) . Most of the subgroups had highly conserved motifs excluding the NAC domain motifs, such as Group (I-VI) belonging to (A1-6) Group (VII-XIII) belonging to (B1-8, except B5). The motifs in the NAC family proteins in M. truncatula were investigated using MEME software, revealing 25 conserved motifs (motifs 1-25), (Fig. 2) . Thus, the results show that gene sequences belong to 14 groups. In general, the clusters of NAC proteins had similar motif compositions and most of the conserved motifs were found in N-terminal. Motifs 1-20 were conserved in the NAC protein family (Fig. S1 ). Most groups possessed an N-terminal NAC domain that included Motif1-5 (Hu et al. 2010) . Most of these proteins had a special motif in the C-terminal; Group I (28, 29, 51, 63, 68, and Table S2 .
Gene structure, gene chromosomal location, and gene duplication events of MtNAC
We found the same groups members had the same or similar gene structures (Fig. 3) . Groups I and II had two introns and the same CDS distribution in genes, and the last coding region was longer than the others. Most members had three introns and up/downstream in Group III, except MtNAC7. Groups IV and XI had large quantities of introns, Groups V and VI also showed obvious genetic structure characteristics with longer intron and shorter exon positions. Group VIII had numerous members, most members having three exon positions besides every area being longer. The other groups had shorter gene lengths and all groups had similar gene structures. A total of 97MtNACs were located on eight chromosomes of M. truncatula, with 63 pairs of genes in tandem duplication. Different color links were used to distinguish gene indices of similarity. A total of 95 MtNAC genes could be located in eight chromosomes (1-8), and MtNAC1 and 2 could not be conclusively mapped on any chromosome. There were only 5 NAC genes in MtChr6, whereas others possessed at least 10 MtNAC genes. Multi-member groups were widely distributed among chromosomes, for example Group I was distributed among 6 chromosomes, excluding MtChr8 and MtChr5. Most chromosomes had more than six different groups. The result showed gene clusters and hot regions is produced by tandem duplications in MtNAC, for instance the MtNAC73-77 and MtNAC82-87 clusters on Chr1. Segmental duplication produced homologous NAC genes, which expanded the numbers of MtNAC genes in genome. For example, MtNAC6 and MtNAC78 from Group I were distributed on different chromosomes (MtNAC6, MtNAC78, MtNAC56 and 57), which were segmental duplication in M. truncatula (Fig. 4) .
Expression profiles of MtNAC genes among different tissues
The heatmap showed that 40 NAC were expressed in all six tissues: Mt (35, 94, 17, 77, 89, 32, 13, 30, 45) were highly expressed in the root; Mt (34,14,47) were specifically expressed in buds; Mt (43, 87, 22, 59, 25, 49, 93, 60, 9, 8, 55, 1, 70) were highly expressed in seedpods; Mt (12, 11, 48, 91, 21, 76) were highly expressed in seedpods and flowers, and Mt (33, 58, 24, 92, 67, 44, 96, 73, 31) were highly expressed in roots and seedpods (Fig. 5). b Fig. 3 Exon-intron structure analyses of MtNAC genes were performed by using the online tool GSDS. Lengths of exons and introns of each MtNAC gene were exhibited proportionally. Exon/intron organization of 97 MtNAC genes was depicted for each group. The exons and introns are represented by box and lines, respectively
Expression responses of MtNAC genes among abiotic stress
We used RNA-seq to analyse the expression of MtNAC genes under different stresses, such as cold-stress, freezingstress, drought-stress, salt-stress and ABA-stress. We attempted to evaluate the 44 genes detected in at least one library (Fig. 6 ). Most genes were exclusively induced and partial genes were exclusively repressed. There were 17 genes up regulated under all five stresses (Fig. S2) . Only MtNAC1 was downregulated under all five stresses. During cold stress, 6 genes showed no obvious change and 5 genes were repressed, whereas 33 genes were exclusively induced. In the freezing stress treatments, 8 genes were repressed and 36 were induced. In the drought conditions, 6 genes showed no obvious change, 5 genes were repressed, and 33 genes were exclusively induced. MtNAC (17, 21, 30, 32, 35, 67, and 94) were highly expressed and showed the greatest variation in most abiotic stresses. MtNAC (24, 58, 92, 8, 33, 25, 22, 87, 96, 77, 51, and 80) were specifically expressed in response to freezing and salt stresses. MtNAC (97, 16, 38, 39, and 82) showed very low expression in various stress conditions. MtNAC (13, 43, 9, 59, 88, 1, 89, 57, 45, and 76) were not expressed in response to abiotic stresses.
qRT-PCR of MtNAC genes in abiotic stress
To verify the authenticity of transcriptome data, we selected 12 genes to detect their expression profiles under 6 stress conditions using qTR-PCR (Fig. 7) . The results of qRT-PCR were consistent with the transcriptome data. The results showed that MtNAC33 and 48 shared the same expression pattern under five different stress conditions. In addition, the expression of the two genes increased significantly in salt and drought conditions. MtNAC50 showed high expression levels only in cold-and salt-stress conditions. MtNAC57 and 73 were upregulated under all stresses, except freezing. MtNAC88, MtNAC92, and MtNAC94 expression only increased in cold stress. MtNAC95 expression increased in salt-, drought-and ABA-stress conditions. These results corroborate the findings of transcriptome data. Fig. 4 Duplicated genes between different chromosomes or loci were linked with colored lines in the diagrams using Circos as described previously. Genes were identified using the BLASTP using parameters; e-value B 1e -10 and minimum percent identity = 70%
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Discussion
We performed a comprehensive in silico study and characterized 97 MtNAC genes in the Medicago genome (Table 1 ). The NAC TF gene family were surveyed in Arabidopsis (117), rice (151), soybean (152), grape (Vitis vinifera) (163), and tobacco (152) (Le et al. 2011; Nuruzzaman et al. 2010; Ooka et al. 2003; Wang et al. 2013) . The phylogenetic analysis classified the MtNACs into 13 groups with their AtNAC and OsNAC (Fig. 1) . These members were widely distributed in different groups, but only B5 contained OsNACs (Cenci et al. 2014) . Soybean showed similar results, which confirmed that differences appeared between monocots and dicots in the course of their evolutionary history (Le et al. 2011) .
All NAC TFs have important conserved motifs for their function. We identified 25 motifs in MtNAC, motifs 1-5 are related to the NAC domain, and motifs (3, 4, 1, 2, 5) represent the A-E subdomain (De Zélicourt et al. 2012) . Subdomain A is component of functional dimmer, subdomains C and D can bind to DNA terminal, and the divergent subdomains B and E play an important role in gene function. Subdomain E is NAC DB domain that has five (Hao et al. 2010) . NAC gene family promoter regions (NACBS) showed positive response to stress (JENSEN et al. 1997) . The TR domain represents transcription activation repression and protein binding in the C-terminal. A single or few motifs constitute TR domains such as motifs (8, 14, 19, and 20) .
The plants gene duplication phenomenon plays an important role in dealing with environmental change. However information about functionality of duplicated genes is still limited (Bowers et al. 2003) .
This phenomenon increase the diversity of the gene family through changing gene expression (Friedman and Hughes 2003) . The differential expresion pattern of genes may result in functional diversity (Soskine and Tawfik 2010) .
However, the high number of TCP genes in M. truncatula was possibly caused by gene duplication. In the paralogous pairs, most TCPs shared conserved exons/ introns and organization such as MtNAC4 and 5, and most paralogous pairs of MtTCPs exhibited conserved motif composition such as MtNAC14 and MtNAC46, with several motifs disappearing in some MtTCP members, such as motif 16 for MtTCP6-78. Several motifs were observed, such as motifs 9 and 12 for MtTCP14-96. These specific motifs may contribute to which paralogous member obtains a new function after gene duplication, and duplicated genes are changed by a series of synonymous or nonsynonymous mutations during evolution.
NAC family genes regulate different tissue development such as shoot, meristem and organ, therefore they have different expression patterns in plant (Kim et al. 2007 ). CUC1, CUC2, NAM, NACL, AT5G07680, and AT5G61430 regulate plant and meristem development through miR164 (Kim et al. 2009 ). NST1 and NST3 play an important role in woody secondary walls regeneration. Most types of leaf vein are regulated by the VND7 in roots and shoots (Mitsuda et al. 2007 ). Mt (35, 94, 17, 77, 89, 32, 13, 30, and 45) were only highly expressed in root tissue (Fig. 5) . MtNAC47 was only expressed in nodule tissue, and its homologous gene, RhNAC100 participates in flower petals cell expansion through ethylene regulatory pathway (Mitsuda et al. 2007 ). The closest homolog of MtNAC969 in Arabidopsis is AtNAP/ANAC029 (De Zélicourt et al. 2012 ). This gene takes part in floral and stamen formation through APETALA3 PISTILLATA regulating. This phenomenon demonstrate that NAC family genes may have significant role in root and flower formation in M. truncatula. This study shows that NAC TFs are involved in various environmental stresses. The transcript of MtNAC30 had higher expressions in drought than normal condition and the homolog of the ANAC002 was previously upregulated during drought in Arabidopsis (Balazadeh et al. 2010 ). In our study MtNAC35 was upregulated during ABA treatment. The homolog of the MtNAC35 291 OsNAC19 has a role in ABA and ethylene (ETH) induction (Lin et al. 2007) . Based on recent studies and abiotic stress expression data from genes, we found that MtNAC genes take part in diverse signaling pathways and stress responses. The SNAC1 transgenic lines possess higher drought and salt tolerance than wild plants in dry fields, and the expression of several MtNAC genes improved by drought and salt stress, such as MtNAC35 (You et al. 2014) .
Homologous gene of MtNAC83, SsNAC23 was strongly induced at 4°C, indicating a positive response to cold stress (Nogueira et al. 2005) . MtNAC83 was also upregulated under cold (4°C) conditions. The SiNAC improve the plant resistance by three different pathway, such as ABA-independent, JA and SA (Puranik et al. 2011) . Several NAC genes help the plant to adapt to large environmental changes through promoting plant growth. Their versatility ensures the longevity and multiplication of plants (Puranik et al. 2012) . Furthermore, our results suggest that Group VIII were more sensitive to abiotic stress, whereas Group VIII were active in tissue development (Figs. 5, 6 ). The results of our studies verify those of previous results. We used genome information and transcriptome data along with qRT-PCR validation to determine the function of a many NAC genes in M. truncatula. Understanding the gene function will help to provide useful information for genetic model systems. The information about NAC genes will be helpful for improving plant resistance and crop yield in the future. Furthermore, it can help us to understand the NAC transcription factors regulatory mode during adverse stress condition.
Conclusions
In summary, 97 putative NAC transcription factors were identified from the M. truncatula genome sequence, one of the most important model organisms for leguminous plants. We investigated the structure, phylogeny, and gene duplication of the conserved motifs and gene organization. Furthermore, the differential expression profile of MtNAC genes suggest their responsiveness to different stress. The present study shows that NAC TF family has responsiveness to abiotic stress (cold, freezing, drought, salt, and ABA) in M. truncatula.
The study provides advantageous information for understanding the molecular basis of the NAC TF family in M. truncatula, and the results can be used to engineer the plants with enhanced stress resistance. Further study of the NAC genes' function will be helpful for transgenic applications.
